The rheological behaviour of hydrated maize starch is investigated by means of a Haake internal mixer equipped with a sealed chamber. Results were obtained at temperatures between 89 and 115°C with water content between 25 and 30%. Through a proper calibration torque measurements and rotation speeds are converted to shear stress and shear rate data and this leads to the plot of a flow curve in the 10 -1000 s -1 range. The data are compared with results of capillary rheometer and show that the mixer enables a reproducible plastification of the maize starch. The viscosity of the maize starch in the high shear rate range can be described by an apparent power law taking into account the moisture and temperature effects. On a larger range of shear rate, a Carreau law is preferred but the dependence on the temperature can only be described with shift factors that require a moisture dependent activation energy. Finally, this later discrepancy can be avoided by using a reference temperature to fulfil the iso-free volume condition by taking a constant temperature difference towards the glass transition of the samples. The glass transition is calculated by the Couschman and Karasz equation.
INTRODUCTION
Maize and wheat flours have received considerable interest for their evident applications in the food industry. More recently, on the growing draft of environmental legislation, there is an increasing demand to use these materials as a source of biopolymers, and especially starch, for food packaging purposes. The first common point between these different applications is that in both cases, the processing is performed in the moderate or high temperature range (> 80°C) with low moisture contents (< 50%). The other is the use of extruders for the plastification of starch and the use of dies for the forming of the resulting pastes. Thus, there is a growing need for a deeper characterization of the rheological behaviour of these molten materials at least in shear since this may allow a better design of the dies in order to ensure the quality of the product especially through the use of computer simulation. However, in the case of processed starch, the rheological characterization of the melt is not a simple task. Firstly, The plastification step applied prior to the measurements drastically changes the rheological behaviour and must be controlled. Secondly, the characterization can hardly be performed out of line, since the material undergoes a thorough change of its rheological behaviour as soon as mechanical stresses are suppressed Indeed, in particular conditions, starch undergoes a structural transition called gelatinization mainly due to its chemical nature. Starch is a biopolymer essentially composed of two types of polysaccharides: amylopectin and amylose. Amylopectin is a highly branched and large macromolecule that reaches molecular weights as large as 10 7 to 10 9 g/mol [1, 2] . On the other hand, amylose is mainly a linear macromolecule which degree of polymerisation is lower, its molecular weight generally lies between 300 to 10 4 g/mol [1, 2] . The structure of starch granules consists of concentric shells alternating amorphous and crystalline rings. Amylopectin is nearly the unique crystalline source but its branching points are rejected out of crystallites into amorphous zones which also contain amylose and water. Thus, an amylopectin macromolecule may belong to several crystalline layers and branching points represent interlayer links [3 -8] . Upon heating in presence of water, water penetrates into the granules of starch, amylose and water start diffusing out of the granular entities especially as the granular structure is not totally perfect [9 -11] . Simultaneously, amylopectin can melt and this enables the release of the significant amount of amylose that was trapped between amylopectin layers and a small part that was confined within crystalline amylopectin [10] . Whatever the temperature, parts of the amylopectine molecules remain trapped in gels composed of either crystalline zones or amorphized ghost granules or both, dispersed in a concentrated and viscous solution of amylose [10] . Processing may more or less disturb this packing order inducing subsequent leaching out of inner amylose by increasing the water access into the granules and by breaking of the ghost structure. Nevertheless, the final state is strongly and mainly dependent on the extrusion step. Moreover as soon as the mechanical stresses are suppressed there is a tendency for the starch molecules to associate which results in a strong irreversible gel preventing any subsequent flow measurement. Thus, the rheological characterization must be performed following a well defined thermomechanical treatment and must be done immediately after the plasticating step. Most of the measurements found in the literature were obtained by the use of extruders followed by flat or axisymetrical dies equipped with pressure transducers that enable the calculation of the flow curve through a classical Poiseuille flow analysis [12, 13] . The main discrepancy of this arrangement is that any change of shear rate requires a change of the extruder throughput thus of the plasticating step. Twin capillaries with valves can help improve the situation [14, 15] . On the other hand, capillary rheometry following a pre-shearing in a Couette cell (Rheoplast) has been used by Vergnes and Villemaire [16] though it has been asserted that the Couette shearing might not be representative of the plasticating steps in an extruder.
In this paper, with a view to overcoming the difficulties for the rheological characterization of these materials, a new experimental technique was investigated. This technique uses an internal mixer for generating a controlled and defined state of plastification while the simulta-neous torque measured during the mixing is used as an indicator of the shear stress and the rotation speed is connected to the shear rate. Through a proper calibration of the device, quantitative evaluation of the flow curve can be obtained. A comparison of these measurements with those obtained in a classical capillary rheometer, starting from the native starch, shows that in this latter device, plastification due to shearing inside the die can only be obtained for long dies at high shear rates. Otherwise the flow curve displays a strong yield behaviour.
MATERIAL AND EXPERIMENTS 2.1 MATERIAL
Maize flour (type 36.05 from MCT), which essentially contains starch (85 % on a dry basis) and also proteins and lipids (respectively 10 % and 1 % on a dry basis), was used for this study. The size of flour grains range from 200 mm to 700 mm. Each grain is mainly composed of starch granules.
The moisture content was measured to be 13 % on a wet basis and was determined using an Infrared dryer MA40 Sartorius at 130 °C. Afterwards, de-ionised water was added to maize in order to obtain samples with various total water content of 25, 27.5, 30 and 35 % on a wet basis. Samples were stored at 4 °C during a minimum of 8 hours for equilibration of the water content. Moisture content was checked prior to each experiment by using the Infrared dryer at 130 °C.
CAPILLARY RHEOMETER MEASUREMENTS
Experiments were carried out on a Instron capillary rheometer (barrel diameter: 9.525 mm) equipped with a capillary die with flat entry. The die has a diameter of 2.05 mm and its length was 50 mm though shorter dies were also used. The contraction ratio was 4.64:1. Neither Bagley nor Rabinowitch corrections were applied. Six shear rates were available ranging from 0.84 to 280 s -1 on a logarithmic scale.
In order to minimize water loss, the samples in the form of a wet powder were introduced in the capillary rheometer at low temperature then the powder was compressed using a plunger with a PTFE seal. Afterwards, the temperature was raised to the measurement value. Analyses were performed at temperatures rang-ing from 90 to 120 °C and moisture contents of 30 and 35 %. It was checked that even in the highest temperature range, the moisture loss on the extrudate exiting the die was lower than 5 %.
MEASUREMENTS IN THE INTERNAL MIXER
The measurements were performed on a Haake Polylab system using a Rheocord 300P as a driving power unit. Samples containing 25, 27.5 or 30 % water were introduced in the Rheomix 600P chamber which was specially designed by Haake to prevent water loss up to 2 MPa. The volume of the chamber is 69 cm 3 . Mixing was achieved by standard roller rotors. According to the manufacturer, in this type of device, better mixing is achieved in starved conditions, however because of the evaporation of the water such conditions could not be fulfilled in the present study and maximum filling of the chamber was systematically ensured by using 83, 85.5 and 86 g for 30, 27.5 and 25 % respectively. Temperature was measured in the chamber by a thermocouple located between the roller and 1mm deep in the material. Temperatures ranging from 89 to 115 °C were investigated. A 50 bars pressure transducer was fixed on the front part of the chamber and enables pressure measurements inside the chamber. At the highest temperature of 115 °C, a pressure of 0.8 MPa could be reached without leaking. Fig. 1 shows a typical plot of the mechanical energy in the mixer recorded during an experiment. Previously to any viscosity measurements, the samples were mixed at the measurement temperature at 128 rpm until the torque at a constant speed or the driving power remains constant. This may be taken as a proof that a defined plastification state has been 194 Applied Rheology July/August 2002 reached and that any subsequent power is only used to shear the melt and does not induce major structural changes anymore. On Fig 1, the dashed line indicates this characteristic time at which the power becomes constant. At this point, the mechanical energy that was brought to the material can be estimated to be nearly 500 to 600 kJ/kg. At the end of this stage, measurements can be performed at different rotation speeds on the same sample, the cooling and heating system was efficient enough to control the temperature within a 0.2°C accuracy. Fig. 2 shows a typical graph of the whole experiment showing the temperature control, variation of rotation speed and torque measurements.
By the way, the rheological stability of the structure that was obtained after the plastification step can be checked. For this at the end of the plastification, a sequence of decreasing steps of the rotation speeds was applied and the corresponding torque was measured. Following this sequence that lasted 1200 s, measurements during an increasing sequence of steps of the same rotation speeds show reproducibility within less than 5% variation.
CALIBRATION OF THE INTERNAL MIXER
In order to calculate the flow curve, the conversion of the torque signal into a stress value and the conversion of the rotation speed into a shear rate value are required. For this purpose two methods were investigated. The first technique is an empirical method that uses the flow curve of a well characterized molten polymer and that minimizes some proportionality constants between torque and stress and between shear rate and rotation speed through a classical least square procedure. Fig. 3 shows the results that were obtained on a high density polyethylene at 150 °C and on a polycarbonate at 220 °C using both a capillary rheometer and the Rheomix device. These materials were chosen because of their different rheological behaviour which is either quite Newtonian for the PC and shear thinning for the HDPE. The least square calculation leads to the following relationships: (1) where g · is the shear rate in s -1 , N is the rotation speed in rpm, t is the shear stress in Pa, and G is the torque in mN.
The symbols on Fig. 3 are the values that were obtained from the Rheomix and the full lines is the flow curve from the capillary rheometer. Calibration was found to be valid in the range of 1 -100 s -1 for a large number of polymeric materials, either strongly shear thinning or not, provided that the temperature of the material can be controlled. Indeed, in the high shear rate range, heat generated by viscous dissipation can hardly be evacuated through the chamber cooling system and this may result in large discrepancies on the results.
The second technique is derived from the calculation method proposed by Bousmina et al. [17] who assume that the flow in the Rheomix device is that in a double Couette system. This leads to the following equations:
where R e is the external radius, b is the ratio of the external radius to the internal radius of the chamber, L is the length of the rotors, n is the flow index, and n is the friction coefficient or difference of rotation speed between the rotors. Taking into account the geometry of the chamber and the friction n = 2/3, the calibration equations become: which are close to relation 1. Value of Eq. 1 was used for shear rate calibration. Previous work by Goodrich and Porter [18] also reported such a calibration technique which was found to be suitable for measurements on polymer melt though in their work the flow index obtained from torque-rheometer is generally slightly lower than that obtained through capillary data. Fig. 4 shows the results obtained in the internal mixer on a maize starch containing 25 % water at different temperatures from 100 to 115 °C after a processing step. Eq. 1 was applied to convert the torque and rotation speed to shear stress and rate. As expected, at a constant shear rate, the stress decreases as the temperature increases.
RESULTS AND DISCUSSION

RESULTS IN THE INTERNAL MIXER
Time-temperature superposition can be applied on data at a given water content. Each set of data at 100 and 115 °C can be superimposed on the flow curve at 107 °C, taken as a reference temperature, by a logarithmic horizontal shift of log a T/107 along the shear rate axis. Fig. 5 shows the master curves obtained at different water contents (25, 27.5, 30 %) and at the reference temperature of 107 °C. The shift factors a T/107 describe the variation of the relaxation times with temperature. The relaxation process is thermally activated and the apparent activation energy at the reference temperature of 107 °C is found to be different for each water content. The values are reported in Tab. 1.
The plot in Fig. 5 shows that a time-moisture superposition can also be expected to handle. Thus the data at 25 and 27.5 % were horizontally shifted along the shear rate axis on the flow curve at 30 %. The shift factors a H/0.3 could be used to describe the influence of the water content on the relaxation times. All the data were thus gathered on a single grand master curve at 107 °C and 30 % water (Fig. 6 ). This curve includes both the temperature and moisture influences. Apparent horizontal water shift factors a H/0.3 at 30 % moisture were found to follow the following Eq. 4:
where H is the weight fraction of water. Fig. 6 also shows the data of capillary rheometry that were processed in a similar manner. The capillary data and the significant discrepancy between them and the mixer data are discussed within the following section.
RESULTS IN THE CAPILLARY RHEOMETER
The visual observation of the products at the exit of the die shows that the plastification of the samples remains incomplete for low temperatures or when the specific energy is low. In these conditions, the samples show a granular morphology with poor mechanical properties and opacity while in the plastified state they are soft and transparent. In addition, tests with short dies Tab. 2 gives the values of the parameters in comparisons with other values from the literature for maize flour. Our study is complementary of other works from the literature in the low temperature and high shear rate range for maize flour with humidity between 0.25 and 0.35. The comparison of the values also show that the consistency decreases with the temperature while the flow index is higher at high temperature. Also, the sensitivity to the water content becomes lower in the high temperature zone. Fig. 6 was obtained after a superposition of the results at 107 °C and different moisture contents on a single mastercurve at 30 % moisture using apparent shift factors taking separately into account the effects of temperature and water. The viscosity can then be described by a Carreau equation in the form:
TIME/TEMPERATURE/MOISTURE SUPERPO-SITION
with h 0 (T 0 , H 0 ) = 2340 Pas, l 0 (T 0 , H 0 ) = 9.36 ms, a = 0.815, T 0 = 107°C, H 0 =0.3, and while E a is taken from Tab. 1. Tab. 1 has shown that depending on the moisture content, the apparent activation energy was found to be different, however this difference is only due to a shift of the glass transition according to the amount of water. Indeed, it could be shown that for each moisture content, taking as a reference temperature T R (H) such that T R -T g is a constant (iso-free volume condition), the plot of the hori-φ( , )
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, Fig. 7 summarizes the results of specific energy that were required to get plastification in the capillary rheometer for different temperatures and water contents.
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The comparison between the results of capillary rheometer and internal mixer for the same temperature (107 °C) and water content (30 %) after time-temperature-moisture superposition is given in Fig. 6 and clearly demonstrates that both series of data are in agreement in the high shear rate zone. At low shear rates, the results obtained in the internal mixer show that though a slight increase of the viscosity is already present, a Newtonian plateau can be reached whereas the viscosity diverges for the capillary results. For the latter, the flow curve displays a yield behaviour, probably due to the granular nature of the sample which is mostly that of a suspension of unmolten starch or "ghost" granules in a viscous matrix of amylose in water. This definitely means that the plastification of the sample can not be obtained in the low shear rate range because the specific energy brought to the sample is smaller than a critical amount that both depends on water content and on temperature. According to Fig. 7 , this energy decreases when temperature increases because melting is easily achieved. Also, the same phenomena occur when the moisture content increases probably because the melting temperature of starch decreases in these conditions: Shogren [19] reported that the melting temperature of amylopectin ranges from 70 -80 °C for 50 % moisture to about 180 °C for 10 % moisture.
APPARENT THERMAL AND MOISTURE DEPENDENCE OF THE VISCOSITY
Taking into account the vertical shift of the viscosity at different temperature and water content in the high shear rate range (> 100 s -1 ), the flow curve may be described by an equation in the form of a power law as: 
with DC pH20 = 1.94 J/g, DC pStarch = 0.47 J/g, T gH20
= 145°K, and T gStarch = 500°K.
Tab. 3 summarizes the glass transition of the different samples. The shift factors were evaluated at the temperature T R , as close as possible to the temperature T such as T -T g = 95°C. Fig. 8 gives a plot of the shift factors as a function of T -T R which gives a single mastercurve in the range of uncertainty of the measurements and glass transition. This could also be written: (8) 
CONCLUSION
The renewed interest on the development of biopolymers for food packaging purpose has been rapidly growing in the past years. In the earliest attempt, these materials were blended with conventional thermoplastic polymers in order to promote the fragmentation of plastics like polyethylene for short term use in agricultural appli- cations. However, this solution has turn to be unsafe and the interest has now focused on fully biodegradable materials such as starch and its derivative.
The key problem is to obtain low cost products. Maize flour is an interesting material from this point of view since its price is competitive with that of conventional commodity polymers. Nevertheless a low final cost could only be achieved if the maize flour may be processed with classical techniques such as film blowing or cast film extrusion with only minor changes within the tools and process. For this purpose, there is a firstly need to get a better understanding of the phenomena that are involved during the plastification of such polymers in presence of plasticizers such as water or glycerol. Secondly, the knowledge of their rheological behaviour in the melt is certainly an obliged step for a proper design of the tools (screws and dies) that will be required. The problem is quite complicate since the evaluation of the rheological behaviour of hydrated maize starch in the intermediate temperature and moisture range (90 °C < T < 120 °C and 0.25 < H < 0.35) requires the plastification of the samples. In addition, these measurements must be performed during or just after the gelatinization has occurred otherwise the resulting gel hardly flows. For these reasons, special devices such as instrumented dies following screw extrusion or a Couette mixer are described in the literature.
In this paper, this investigation is carried out in an internal mixer. After proper calibration, this enables to get a flow curve that is consistent with results from the literature. Various equations describing the variation of the viscosity with shear rate and taking into account the effects of both the temperature and the water content are described in relation to similar data from various authors. The complex dependence of the rheological behaviour on variables such as temperature, time and moisture can be greatly simplified by the use of an iso-free volume condition. In this condition, the viscosity at any reference temperature, such that the temperature difference towards the glass transition temperature is constant, should be identical. Indeed, the glass transition temperature itself contains the essential features of the influence of the water on the rheology of these materials. 
